Introduction
Influenza C virus is widely distributed throughout the world (Homma et al., 1982; Nishimura et al., 1987) as an agent of upper respiratory infections in young children (Katagiri et al., 1983 (Katagiri et al., , 1987 . Recurrent infection with the virus occurs rather frequently in children as well as in adults (Homma et al., 1982; Katagiri et al., 1983 Katagiri et al., , 1987 Matsuzaki et al., 1990) . The virus contains seven singlestranded RNA segments of negative polarity, one of which codes for the surface glycoprotein designated haemagglutinin-esterase (HE) (Air & Compans, 1983) . Antigenic variation exists among influenza C isolates, as demonstrated clearly by antigenic analysis with anti-HE monoclonal antibodies (MAbs) (Sugawara et al., 1986) . Nevertheless, analysis with polyclonal immune sera showed a high degree of cross-reaction among all the isolates examined so far (Chakraverty, 1974 (Chakraverty, , 1978 Kawamura et al., 1986) , indicating that influenza C virus * Author for correspondence. Fax +81 236 28 5019. e-mail ymuraki@med.id.yamagata-u.ac.jp
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is antigenically much more stable than human influenza A virus. The significance of antigenic variation in influenza C epidemiology remains to be clarified.
Comparison of the RNA genomes of various strains by oligonucleotide mapping (Kawamura et al., 1986) and nucleotide sequencing (Buonagurio et al., 1985 (Buonagurio et al., , 1986 indicated that influenza C virus ecology is characterized by the presence of many co-circulating strains which change much more slowly than human influenza A viruses. However, since only a small number of virus strains were analysed in such studies, many important questions remain to be answered: (i) How many lineages of influenza C virus are circulating in the human population? (ii) What are the exact evolutionary rates of the individual genes? (iii) Does immune selection play a significant role in evolution of the virus? and (iv) Does the presence of multiple evolutionary lineages make any contribution to high incidence of reinfection ? Recently, by analysing the antigenic and genetic characteristics of the 15 strains isolated during a 2 year survey (June 1988May 1990) of influenza C virus infections (Moriuchi et aL, 1991) , we demonstrated that two discrete groups of the virus were simultaneously present in Yamagata city, Japan (Matsuzaki et al., 1994 
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Y. M u r a k i and others determined sequences of the 11 Japanese isolates obtained in the 1980s, in order to obtain more detailed information about the mode and rate of evolution of the influenza C virus H E gene.
Methods
Viruses. The following 18 strains of influenza C virus isolated in Japan between 1964 and 1988 were used: C/Yamagata/64 (YA/64), C/Sapporo/71 (SA/71), C/Aomori/74 (AO/74), C/Kanagawa/l/76 (KA/76), C/Miyagi/77 (MI/77), C/Kyoto/1/79 (KY/79), C/ Yamagata/26/81 (YA/26/81), C/Aichi/l/81 (AI/81), C/Nara/82 (NA/82), C/Kyoto/41/82 (KY/82), C/Hyogo/1/83 (HY/83), C/ Nara/1/85 (NA/1/85), C/Nara/2/85 (NA/2/85), C/Yamagata/3/88 (YA/3/88), C/Yamagata/4/88 (YA/4/88), C/Yamagata/7/88 (YA/ 7/88), C/Yamagata/8/88 (YA/8/88) and C/Yamagata/9/88 (YA/ 9/88). They were isolated, passaged (two to five times) and propagated in the amniotic cavity of 9-day-old embryonated hens' eggs (Katagiri et al., 1983) .
Nucleotide sequencing. For sequencing, seven isolates (YA/64, SA/71, AO/74, KA/76, MI/77, KY/79 and YA/3/88) were each cloned by two successive plaque purifications in the LLC-MK 2 line of monkey kidney cells (Sugawara et al., 1988) and then propagated in eggs. Their HE genes were sequenced by using cloned cDNAs derived from virion RNAs as described (Umetsu et al., 1992) . Sequencing data were analysed with PHYLIP program version 3.54c (Felsenstein, 1989) and evolutionary relationships were calculated by the method of maximmn parsimony with the same software program.
MAbs and immune sera. Ten MAbs directed against six nonoverlapping or partially overlapping antigenic sites on HE (A-l-5 and B-l) were prepared by using C/Ann Arbor/I/50 (AA/50) or C/Mississippi/1/80 (MS/80) virions as immunogens (Sugawara et al., 1988 (Sugawara et al., , 1993 . Antisera against six different isolates were prepared in chickens (Kawamura et al., 1986) .
Serological assays. Enzyme-linked immunosorbent assays (ELISA) were performed with purified egg-grown virions used to coat the wells ofimmunoplates (2.5 gg/well) (Kida et al., 1982) . The ELISA titre was expressed as the highest antibody dilution that showed the absorbance at 414 nm of > 0.2. Haemagglutination inhibition (HI) tests were done in microtitre plates with 0"5 % chicken erythrocytes (Katagiri et al., 1983) .
Results

Nucleotide sequences o f H E genes
Nucleotide sequences of the HE genes of the seven strains isolated in Japan between 1964 and 1988 (YA/64, SA/71, AO/74, KA/76, MI/77, KY/79 and YA/3/88) were determined and compared with the previously reported sequences of the 11 Japanese isolates obtained in the 1980s (Adachi et al., 1989; Ohyama et al., 1992; Matsuzaki et al., 1994; Gao et at., 1994) . No deletions or insertions were detected at least in the gene region compared (nucleotides 64 to 1989), except that four strains (NA/82, KY/82, HY/83 and NA/1/85) lacked three nucleotides at positions 641 to 643 (Adachi et al., 1989; Ohyama et al., 1992) . Fig. 1 (a) shows an evolutionary tree for the H E gene, constructed by using the nucleotide sequences of the 18 Japanese isolates described above as well as the previously reported sequences of the seven strains isolated outside Japan between 1966 and 1983 (Nakada et al., 1984; Pfeifer & Compans, 1984; Buonagurio et al., 1985) . The HE genes of the Japanese isolates were split into four distinct lineages. Lineage I contains YA/26/81, a virus isolated during the outbreak of influenza C virus that occurred in a children's home located in Yamagata prefecture (Katagiri et al., 1983) . This lineage also contains N A / 2 / 8 5 and the four 1988 isolates from Yamagata city shown previously to be closely related to YA/26/81 (Ohyama et al., 1992; Matsuzaki et al., 1994) , as well as two strains isolated in Hokkaido (SA/71) and Kyoto prefecture (KY/79) in the 1970s. Lineage II contains two strains isolated in the 1980s (AI/81 and YA/9/88). The antigenic and genetic properties of these isolates have been shown to be very similar to each other but largely different from those of lineage I isolates (Matsuzaki et al., 1994) . Lineage III includes four strains isolated in the 1960s and the 1970s in the Tohoku (YA/64, AO/74 and MI/77) and Kanto (KA/76) districts. Lineage IV includes four strains isolated in the Kinki district in 1982-1985 that have been demonstrated to possess a close relatedness to a virus isolated in the United States in 1980 (MS/80) (Adachi et al., 1989; Ohyama et al., 1992) . It is interesting to note that although more than 60 isolates obtained after 1977 were examined, there was no virus which had antigenic properties similar to those of lineage III strains (data not shown), suggesting that the lineage may have died out. The degrees of nucleotide sequence homology between the Japanese isolates on the same lineage were very high (~>97'9%). It was particularly impressive that two lineage I strains isolated 17 years apart (SA/71 and YA/8/88) were different from each other only by 1.2 %. The HE genes of the isolates on different lineages were less homologous, differing by 2"9 to 7.0 %.
It should be noted in Fig. 1 (a) that any of the seven foreign isolates obtained during 1966-1983 was placed on one of the three lineages (I, II and IV) currently circulating in Japan; three swine influenza C virus strains isolated in Beijing, China (P/B/10/81, P/B/115/81 and P/B/439/82) (Guo et al., 1983) replacements were conserved in the HE genes of the subsequently isolated strains (data not shown), indicating that there was sequential evolution within these seven isolates. Thus the use of their sequences would allow us to accurately estimate the evolutionary rate of influenza C virus HE gene. Indeed, as shown in Fig. 2 (a) , there was a clear correlation between the extent of nucleotide difference and the time interval of virus isolation; the evolutionary rate was thus estimated by linear regression analysis to be 0"49 x 10 -3 nucleotide substitutions/site/ year. This value corresponds to about one-ninth of the rates of human influenza A virus haemagglutinin genes [4.3x 10 -3 (H1) and 4.44x 10 ~ (H3) nucteotide substitutions/site/year; Webster et al., 1992] . KY/79 was excluded from this analysis since many of the nucleotide changes found in this strain occurred in unique positions (data not shown), suggesting that it is not a direct precursor of the later lineage I isolates.
Deduced amino acid sequences of H E proteins
A phylogenetic tree based on deduced amino acid sequences of the HEs of the 18 Japanese isolates is shown in Fig. 1 (b) . The pattern confirms the presence of four discrete lineages, although a difference from the tree based on nucleotide sequences was seen in the relationship between lineages II and III. Within each lineage, the degrees of amino acid sequence identity ranged from 98.6 to 100 %, with the exception of YA/64 which differed from the other members of lineage III by 2-5 to 3"0%. The HEs of the isolates that belong to different lineages were somewhat less homologous (95-2 to 98.1%). The evolutionary rate analysis, performed with the sequences of seven lineage I viruses (Fig. 2b) , showed that HE protein is evolving 26-fold more slowly than human influenza A virus H3 haemagglutinin (0.23x 10 -3 as compared to 6"0x 10 -3 amino acid substitutions/site/year; Webster et aL, 1992) .
It was reported previously that the extent of amino acid sequence variation among the HEs of different strains was highest in the region spanning residues 180 to 214 (Buonagurio et al., 1985) and that many of the substitutions in the escape mutants selected with neutralizing anti-HE MAbs were clustered within or near the variable region . Certainly, amino acid sequence divergence in this immunodominant domain was considerably higher among the Japanese isolates belonging to different lineages, with 13 out of the 40 amino acids showing differences (Fig. 3) . When a comparison was made within each lineage, however, only a very limited degree of divergence was seen. For example, two strains of lineage II had sequences completely identical to each other although they were isolated seven years apart, and only three differences (positions 179, 209 and 212) were detected among the eight lineage I strains isolated over a period of 17 years. Amino acid sequence of this region was also indistinguishable among lineage IV isolates, with the exception of NA/82 which showed a difference at position 202. The sequence divergence was somewhat greater among four lineage III strains, six differences being detected at positions 179, 186, 190, 208, 212 and 217 . Based on these observations, we suggest that at present amino acid change is occurring in the immunodominant region on HE only very infrequently.
Antigenic analysis
The 18 Japanese strains isolated during the period 1964-1988 were examined in ELISA for reactivity with a panel of 10 anti-HE MAbs to six different antigenic sites. Viruses belonging to different lineages could be distinguished easily from each other in reactivity with MAbs to sites A-l, A-2, A-3 and B-1. In contrast, the reactivity patterns were similar between viruses on the same lineage although there were several strains which displayed reactivity patterns distinguishable from those of other strains on the same lineage (data not shown). Fig, 3 . Comparison of deduced amino acid sequence of the immunodominant region (residues 178 to 217) on HE among 18 Japanese strains. Amino acid differences from the sequence of SA/71 are shown, Asterisks indicate amino acid residues shown to be important for the integrity of neutralizing epitopes . Table 1 .
Comparison of antigenicity among 18 Japanese influenza C isolaws by HI tests with chicken antiviral sera
The 18 isolates were further examined by HI tests for reactivity with chicken antisera raised against six different strains (Table 1) . Viruses belonging to the same lineage could not be distinguished from each other with any of the immune sera tested, except that antigenic diversity among lineage III strains was detectable with antiserum to either YA/64 or AO/74. Antigenic differences between viruses belonging to different lineages, on the other hand, could be detected readily with polyclonal immune sera.
Discussion
Comparison of HE gene sequence among the 18 influenza C virus strains isolated in Japan between 1964 and 1988 revealed the existence of four distinct lineages. After 1977, however, no viruses have been isolated that are related to the lineage III strains, suggesting that this lineage may be extinct. Therefore, it seems likely that three lineages, I, II and IV, co-circulated in Japan during the 1980s. Evidence was presented recently for coexistence of lineages I and II in Yamagata city during the late 1980s (Matsuzaki et al., 1994) , and besides, a virus containing the H E gene of lineage IV was isolated in November 1992 from a paediatric patient living in the city (P. Gao et al., unpublished results) , suggesting strongly that at present, lineages I, II, and IV are all circulating in such a geographically restricted area. Furthermore, it was found here that all of the seven isolates obtained in four different, foreign countries (China, England, USA and the Republic of South Africa) between 1966 and 1983 fell into one of the three lineages described above, which illustrates the capacity of influenza C virus to spread worldwide. Buonagurio et al. (1985) reported that nucleotide changes in the HE gene, unlike those in the HA gene of human influenza A virus, do not accumulate with time. In contrast, it became evident in this study that there was sequential evolution within a subset of influenza C strains that belong to lineage I. We believe that the failure to detect cumulative changes in the HE genes of lineages II-IV is simply due to an insufficient number of virus strains analysed. The conclusion of Buonagurio et al. (1985) is largely based on their observation that two strains isolated 31 years apart, AA/50 and C/ Yamagata/10/81 (YA/10/81), possessed almost identical H E genes. This surprising observation might be a result of cross-contamination in the laboratory. Y A / 10/81 and YA/26/81 were both isolated during an influenza C outbreak that occurred in a children's home (Katagiri et al., 1983) and were shown by antigenic analysis with a large panel of anti-HE MAbs and oligonucleotide fingerprinting of total R N A to be virtually identical to each other but largely different from AA/50 (Kawamura et al., 1986; K. Sugawara et al., unpublished results) . Sequence analysis further demonstrated that the HE gene of YA/26/81 was dissimilar to that of AA/50, showing a difference of as many as 62 nucleotides (96.8 % homology) (Matsuzaki et al., 1994) .
Regression analysis showed that nucleotide sequence changes in influenza C virus HE gene occur at 11-12 % of the rates in human influenza A virus H1 and H3 genes, whereas the rate of amino acid sequence changes in the H E was about 4 % of the rate in the H3. The fact that the rate difference between influenza C and human influenza A viruses was larger in amino acids than in nucleotides suggests that there is less selection for change or less tolerance to change in type C virus H E than in type A virus HA. The driving force in evolution of the latter glycoprotein is believed to be antibody selection of antigenic variants (Air et al., 1990) . Here it became evident that in the previously proposed immunodominant region on HE , there was little or no amino acid sequence divergence among the isolates on the same lineage although considerable divergence was seen among the isolates on different lineages. This is well comparable with the previous results showing that although there is antigenic variation among different influenza C isolates, antigenic drift characterized by the emergence of successive antigenic variants does not occur (Sugawara et al., 1986) and that the virus can survive for a long period of time (/> 9 years) without changing its antigenicity (Ohyama et al., 1992) . Altogether, these observations lead us to speculate that immune selection may not have played a significant role in evolution of HE protein, at least not after separation into lineages occurred, We reported previously that many escape mutants selected with anti-HE MAbs, having amino acid substitutions in the immunodominant region on HE, exhibited a change in receptor-binding activity , indicating that this particular domain plays a role in virus replication. Therefore, one of the explanations may be that H E protein can no longer evolve in response to antibody pressure because of a high degree of functional constraint on the change of its immunodominant region.
Antigenic differences between different lineages could be detected not only in ELISA with anti-HE MAbs but in HI tests with polyclonal antiviral sera raised in chickens. There are several lines of evidence showing that reinfection with influenza C virus occurs rather frequently throughout life (Homma et al., 1982; Katagiri et al., 1983 Katagiri et al., , 1987 Matsuzaki et al., 1990) . The question as to whether the antigenic divergence detected makes a significant contribution to the high incidence of reinfection remains to be answered.
